Introduction
Numerous biomacromolecules, most notably proteins, have a multi-domain architecture composed of folded modules ͑each typically a few nm in size͒ covalently linked to form a modular macromolecular chain ͓1͔ ͑Fig. 1͒. Each folded domain may exhibit a variety of noncovalent interactions. Unfolding of domains can be triggered by different sources including temperature, chemical denaturants, nonphysiological solvent, pH conditions, and mechanical loading conditions. Single molecule forceextension tests, utilizing atomic force microscopy as well as optical tweezers, have quantified the mechanically induced unfolding of folded domains. The force versus extension behavior exhibits a "saw-tooth" profile, so named due to the characteristic repeating pattern of a nonlinear rise in force to a peak, followed by a force drop after each peak ͑e.g., ͓2-4͔͒. The nonlinear force versus extension behavior corresponds to molecular chain extension and a concomitant decrease in configurational entropy. When a critical force or energy condition is reached within a folded domain, unfolding of that domain is initiated leading to an increase in configurational entropy and a distinct drop in load. This phenomenon repeats itself as each domain along the chain unfolds. Many protein molecules have been shown to exhibit this behavior including, for example, the muscle protein titin ͓2͔; the extracelluar matrix protein tenascin ͓3͔; the red blood cell cytoskeleton protein spectrin ͓5͔; and lustrin A, the protein of the nacre matrix of abalone shells ͓6͔. Refolding of modules has been observed to occur upon removal of the applied load, the extent of which depends on the recovery time after being unloaded ͓1,5͔, but does not occur if the chain is extended by at least 42% of its contour length ͓7͔.
The mechanical response of modular macromolecules and assemblies is particularly important in systems where they are the primary structural element. For example, titin stiffness and extensibility are contributors to the passive elasticity of muscle ͓8͔; the spectrin network is responsible for shear stiffness and the resilient elasticity of the red blood cell membrane ͑e.g., ͓9͔͒; the protein matrix of nacre is critical to the toughening mechanisms of this biocomposite ͓6,10,11͔; and the stiffness combined with large extension and remarkable toughness of spider silk are enabled by its underlying networked protein molecular architecture ͓12͔. In the membrane and solid states, these molecules are known to be in a state of pretension ͓13͔; the role of pretension together with potential unfolding during physiological loading conditions is not well understood. A theoretical foundation that describes the behavior of biological membranes and solids composed of modular polymers enables the development of a fundamental understanding of structure-mechanical property relationships of natural materials, soft tissues, and cells.
In this paper, single modular macromolecular chains are incorporated into physiological multi-chain assemblies to enable the simulation of larger-scale mechanical behavior of biological systems. Starting at the single macromolecule level, the freely jointed chain ͑FJC͒ and worm-like-chain ͑WLC͒ models are employed to represent the entropic elasticity of the individual polymer chains. An Eyring model is then used to capture the rate dependency of the unfolding force during single molecule extension. This single macromolecule nanomechanical behavior is integrated into one-, two-, and three-dimensional macromolecular assemblies, including: ͑1͒ a multi-macromolecular "strand," ͑2͒ an initially isotropic, surface network of molecules representing protein-rich membranes such as the spectrin network of red blood cells; and ͑3͒ an initially isotropic, three-dimensional network which serves to model protein-rich networks and solids such as portions of the cytoskeletal network of cells and the entangled and/or crosslinked macromolecular structure of natural fibers and soft tissues. Constitutive models for the large stretch macroscopic stress versus strain behavior are formulated and used to predict general multiaxial loading conditions. The effects of pretension on the stressstrain behavior and the strains needed to induce unfolding are demonstrated using the model.
Model Development

Single Molecule
Structural Features.
The representative macromolecule is modeled using both the FJC ͓14,15͔ and WLC ͓16-18͔ approximations. All formulations are presented using the FJC model; parallel formulations utilizing the WLC model are detailed in Appendix A. The conventional FJC structural representation consists of N Kuhn segments or "rigid links," each of length l, for a total chain contour length of L = Nl. For the modular polymer, the chain structure is further described to possess m folded domains each containing q Kuhn segments. When folded, a domain is taken to be one Kuhn segment; upon unfolding, a domain lengthens and adds ͑q −1͒ segments to the total contour length of the chain. Thus, the chain contour length becomes a structural state variable that is updated after an unfolding event.
Force-Extension
Behavior. The FJC model is based on a statistical survey of possible configurations, thus entropy, of a macromolecular chain during stretching. As the molecule is stretched, the number of configurations which can accommodate the extended chain end-to-end distance decrease, thus giving a decrease in configurational entropy, ⌬S c . The FJC model determines the strain energy, u c , during chain extension to be −T⌬S c , or:
where k B is Boltzmann's constant, T is absolute temperature, r is the chain end-to-end distance, and L͑␤͒ = coth ␤ −1/␤ defines the Langevin function and ␤ = L −1 ͑r / L͒ is the inverse Langevin function. The inverse Langevin function ␤ characterizes the alignment of Kuhn segments towards the stretch direction and the corresponding reduction in entropy as r approaches L. The axial force versus extension relationship is obtained via f c = du c / dr, giving:
Unfolding Criterion.
Unfolding is introduced to the single macromolecule model by specifying a criterion to trigger unfolding of a module whereupon the molecule structural parameters including the number of folds, m, the effective number of rigid links, N, and the contour length ͑through L = Nl͒ are updated. Here, following Rief et al. ͓2͔, an Eyring model ͓19,20͔ is employed to capture the rate dependence of unfolding. The frequency of unfolding, 2 u , is thus given as:
where u0 is an attempt frequency parameter for unfolding and is lumped into ␣ u through ␣ u = u0 exp͑−⌬G u / k B T͒. The energy barrier, ⌬G, is determined by factors such as the type, number, placement, and orientation of noncovalent intramodule bonds, as well as environmental/solvent interactions. When the global extension force, f c , is applied to the chain ends, ⌬G is reduced by f * x u , where x u is the width of the activation barrier and f * is the local internal force state acting on the folded module. As demonstrated in molecular dynamics ͑MD͒ simulations ͓21,22͔, the unfolding process is a complex sequence of local events. Whether unfolding occurs due to normal or shear separation of bonds, or some combination thereof, is not clear and will depend upon the internal bond structure of a particular fold. Therefore, describing a relationship between the global extension force acting on the molecule ͑f c ͒ and the features of the local force state ͑as represented by f * ͒ is not straightforward. For simplicity, f * is taken to be equal to f c . The material parameters ␣ u and x u are fit to unfolding force data taken at different extension rates. The net frequency of unfolding of a module along a chain during a time period of ⌬t is thus: 
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where m t is the current number of folded domains along the chain at time t. The implementation of the unfolding criterion is provided in Appendix B.
Modular Macromolecular
Assemblies. Models for assemblies of modular polymers are presented below, including onedimensional, two-dimensional, and three-dimensional structures.
Multi-Molecule Strands.
Here, a multi-molecule "strand" is defined as an assembly of non-interacting macromolecules extended in one direction simultaneously. We consider the simple case of a strand consisting of k molecules with different initial contour lengths, but otherwise identical nanomechanical behavior arranged in parallel. The total force, F, required to stretch the strand is simply the summation of the axial force contribution from each molecule:
where the subscript i denotes the ith molecule and
The probability of unfolding is monitored for each constituent macromolecule during stretching and the contour length of the corresponding molecule is updated after an unfolding event.
Membrane Networks.
Membranes composed of protein networks can be modeled as two-dimensional networks where the imposed stretch and the stress state lie in the surface of the membrane. One example is the network of spectrin proteins which serve as the membrane skeleton of red blood cells ͓23,24͔. Here, a random network is modeled utilizing an idealized "four-chain" network ͑Fig. 2͑a͒͒ whereby four chains emanate from a central junction of an initially square patch with each chain extending to one corner of the square; the edges of the square are taken to lie normal to the principal directions of stretch. This network idealization is a two-dimensional equivalent to the three-dimensional eight-chain model of a random network ͓25͔. The four-chain network model captures the essential features of a random network in an "average" sense whereby the network chains stretch and rotate to accommodate the imposed macroscopic deformation. The initial end-to-end length of a constituent chain, r 0 , is obtained from electron micrograph images 3 . As shown in Fig. 2͑b͒ , the network is subjected to principal stretches within the plane, 1 and 2 , which result in a stretched constituent chain length of r = c r 0 , where c = ͑I 1͑2D͒ /2͒ 1/2 is the chain stretch and I 1͑2D͒ = 1 2 + 2 2 . Furthermore, in cell membranes, we note that the surface area is typically preserved during stretching due to the two-dimensional constraint of the fluid-like lipid bilayer which is connected to the membrane skeleton ͑see, for example, ͓9,26-28͔͒. The surface area constraint is mathematically expressed as 1 2 = 1. The strain energy of the RVE subjected to a membrane stretch is simply the sum of the strain energy in the four constituent chains due to their change in entropy:
is the contribution from the initial entropy prior to external loading, c = r 0 ␤ c0 / L +ln͑␤ c0 / sinh ␤ c0 ͒, and ␤ c0 = L −1 ͑r 0 / L͒. The strain energy per unit initial surface area is Ũ = U / ͑4a 2 ͒. Recognizing that the chain density ͑number of chains per unit initial surface area͒ is =4/͑4a 2 ͒, the strain energy per unit initial surface area is then:
This strain energy function is a higher-order function of I 1͑2D͒ = 1 2 + 2 2 as seen upon expansion of the inverse Langevin function. Including only the first-order terms ͑useful for small to modest deformations͒ recovers the two-dimensional neo-Hookean model ͑utilized by Skalak et al. ͓26͔ and Evans and Hochmuth ͓28͔ in their early models of the red blood cell membrane as well as recently by Dao et al. ͓29͔͒. Mills et al. ͓30͔ have used a phenomenological higher-order I 1͑2D͒ model to capture the large deformations of cell membranes. Thus, higher-order I 1͑2D͒ models are phenomenological equivalents to molecularly based non-Gaussian statistical mechanics models ͑as also shown in Arruda and Boyce ͓25͔ and Boyce and Arruda ͓31͔ for three-dimensional networks͒. Unfolding of chains within the membrane network is captured using Eq. ͑7͒ together with the unfolding criteria; N and L are then updated when an unfolding event occurs, thus updating the structural state of the network and its corresponding strain energy function.
For a general membrane deformation described by the membrane deformation gradient F 2D = ‫ץ‬x / ‫ץ‬X and the membrane left Cauchy Green tensor B 2D = F 2D F 2D T , the Cauchy membrane stress is found by proper differentiation of U ͑see Appendix C͒ and is given by: 3 Alternatively, following random walk statistics, r o can be taken to be r 0 = ͱ Nl when the network formation is a random process; this is the common assumption in rubber elasticity. The non-zero initial length of r 0 prescribes a pretension in the network chains; the pretension is balanced by equal and opposite intermolecular interactions as in rubbery solids; or by interactions with the lipid bilayer, other molecules and/or the cytosol. 
where I 2D is the 2D identity tensor, c = ͱ tr͑B 2D ͒ / 2, and h is the additional equibiaxial stress ͑due to the constant surface area constraint I 2͑2D͒ = det͑B 2D ͒ = ͑ 1 2 ͒ 2 =1͒ obtained by satisfying equilibrium through the traction boundary conditions. Note that here we define Cauchy membrane stress to be the product of the Cauchy stress and the membrane thickness.
The effects of distributed aspects of the network microstructure can be examined by taking the four-chain network to be constituted of two sets of chains of different initial contour length but identical initial end-to-end distance ͑referring to Fig. 2͑a͒ , chains A and AЈ are taken to have initial contour length L A ; chains B and BЈ have initial contour length L B ͒. The strain energy density expression becomes:
with corresponding Cauchy stress:
where the subscript i represents the parameters associated with the
Note that this arrangement of chains in the four-chain network representation retains isotropic material behavior since the network is always aligned in principal stretch space. The chains with the shorter initial contour length will unfold at a smaller stretch than those with the longer initial contour length which enables a first study of the distributed nature of unfolding of macromolecules on the stress-strain behavior of a network.
Three-Dimensional Networks.
In order to study biological solids constituted of modular macromolecules, a threedimensional network model is necessary. Here, we pursue a network modeling protocol based on rubber elasticity theory and begin with the eight-chain network model ͓25,32,33͔. The eightchain network approximates a three-dimensional randomly oriented macromolecular network as a network consisting of eight chains in a cube; each chain emanates from the center of the cube to a corner of the cube ͑Fig. 3͑a͒͒ and the edges of the cube are aligned with the principal stretches. Upon deformation, the macromolecular chains stretch and rotate towards the maximum principal stretch axis͑es͒ to accommodate the imposed macroscopic deformation, thus emulating the essential physics of a more complex random network. From Fig. 3͑b͒ , the chain stretch ratio c is c = r / r 0 = ͱ I 1 / 3, where 1 , 2 , and 3 are the three principal stretches, and I 1 = 1 2 + 2 2 + 3 2 . The force on each chain is obtained using FJC statistical mechanics together with the unfolding criterion. Taking the deformation to be incompressible ͑note this can be extended to cover the case of compressible materials by inclusion of pressure-volume contributions to the strain energy ͑see, for example, ͓31,34͔͒͒, the strain energy density is given by:
where is the number of macromolecular chains per unit reference volume, or chain density, ␤ c = L −1 ͑r / L͒ = L −1 ͑ c r 0 / L͒, c is the contribution of initial entropy of a macromolecule, and c = ͱ 1/3N␤ c0 +ln͑␤ c0 / sinh ␤ c0 ͒, and ␤ c0 = L −1 ͑r 0 / L͒. Furthermore, each chain will unfold when the unfolding criterion is satisfied which in turn updates the material parameters N and L.
A general multiaxial deformation can be described by the deformation gradient F = ‫ץ‬x / ‫ץ‬X, where x represents the current position and X represents the reference position, and the left Cauchy Green tensor is given by B = FF T . The Cauchy stress tensor is:
where I is the 3D diagonal identity tensor, p * is the additional pressure ͑due to volume conservation constraint͒, and c = ͱ tr͑B͒ /3.
A distribution in initial contour lengths can be examined within the context of the eight-chain network by considering those chains on the same diagonal to possess the same initial contour length but one which differs from those on other diagonals ͑referring to Fig. 3͑a͒ , we take the four initial contour lengths of L A for chains A and AЈ, L B for B and BЈ, L C for C and CЈ, and L D for D and DЈ͒ giving the strain energy density function:
and Cauchy stress: Table 1 . The model captures the overall force versus extension behavior as well as the force at which unfolding occurs for this spectrin. Similar agreement was obtained using the WLC model ͑see Appendix A for a direct comparison of WLC to FJC for the case of membrane deformation͒. The Fig. 4 inset shows the dependence of the spectrin unfolding force on extension rate, where the force needed to initiate unfolding increases with increasing extension rate. Figure 5 shows the simulation results for the normalized force versus extension behavior for non-interacting molecular strands composed of 5 and 20 molecules compared to single molecule behavior. The total force values were normalized by the number of molecules in the strand. The initial contour lengths of constituent chains were taken to have a small distribution of 174. ± 26. nm. The force-extension behavior of strands containing multiple molecules shows numerous peaks with smaller peak values and smaller force drops after each peak than the single molecule behavior. The rather small distribution in initial contour length thus results in a plateau-like force behavior with increasing numbers of molecules in contrast to the discrete saw-tooth profile of the single molecule behavior. This indicates that small variations in assemblies of modular molecules can provide a plateau region in force-extension behavior. The plateau may be a mechanism for controlling load transfer within a biological structure and/or enabling larger scale deformation and structural rearrangements under relatively constant force conditions.
Multi-Molecule Strands.
Macromolecular Membrane Network Model.
The stress-stretch behavior of a membrane is simulated under conditions of uniaxial tension and simple shear. The material properties used in the simulation are listed in Table 1 . The initial chain end-to-end distance between cross-link sites was taken to be r 0 =75 nm ͓23,35͔ and is representative of the distance between cross-links in the spectrin skeletal network. Due to the geometry of the network, the chain density is calculated to be 3.6͑10 14 ͒ m −2 . The initial contour length is taken to be nominally 180 nm based on micrographs of spread membranes which depict fully extended chains in the spectrin network ͑Liu et al. ͓24͔͒; L 0 is observed to be distributed over a range from approximately 150-210 nm. The Kuhn length was then chosen to be 5.13 nm to best fit the observed shear modulus ͑ϳ0.6-1.0͑10 5 ͒ N/m ͓9͔͒ of the spectrin network 4 . Unfolding is triggered using Eq. ͑4͒. Figure 6͑a͒ shows the simulated rate-dependent uniaxial stressstretch behavior for the case of a uniform network ͑L 0 of all chains being 180 nm͒. As shown, a decrease in strain rate is observed to result in a decrease in the strain at which first unfolding occurs, and thus a decrease in the unfolding stress and the magnitude of the stress drop upon unfolding. At the lowest strain rate shown ͑0.01/ s͒, the unfolding stresses and corresponding drops are barely noticeable and, indeed, a stress-stretch behavior more characteristic of a traditional compliant rubber-like behavior is observed with a softening response that is somewhat hidden when observing monotonic stretching. The peak nominal stress is also seen to be relatively constant. A distribution in the initial contour length acts to smooth and flatten out the curves, decreasing the sharpness of the stress peaks and the magnitude of the stress drops. This suggests that a distributed network microstructure provides a plateau in the nominal stress-strain behavior of a network due to the multitude of unfolding events, each occurring at slightly different stretches. Figure 6͑b͒ shows the evolution in the chain stretch ratio and the molecular orientation during tension. Here, the average molecular chain angle is defined as the angle between the axial stretch direction and the chain direction of ͑vector connecting the two ends of a chain in the network͒. The chain angle decreases with increasing sample stretch, capturing the evolution in molecular network orientation with stretch ͑i.e., the chains align towards the principal stretch direction͒.
Simple shear results are presented in Fig. 6͑c͒ in terms of the membrane shear stress versus tan ␥. Figure 6͑d͒ shows the corresponding evolutions in the chain stretch ratio and the molecular chain orientations ͑chain angles͒ during simple shear. In Fig. 6͑d͒ , the first principal direction is expressed in terms of the angle between the first principal direction and the horizontal ͑1-direction͒; the angles of chains B and A are the angles between the chain and the horizontal direction ͑1-direction͒. The chains are found to stretch and orient towards the first principal stretch direction with increasing shear angle where the first principal direction, in turn, aligns towards the horizontal direction as the shear angle ␥ increases.
Macromolecular Solid Network Model.
The threedimensional behavior of a solid composed of a modular macromolecular network is illustrated for two loading conditions: uniaxial tension and equi-biaxial tension. The same single molecule material properties used for the spectrin planar network were adopted to simulate the stress-stretch behavior of the solid.
The chain density is calculated from the 3D network arrangement with r 0 = 75 nm. Figure 7͑a͒ shows the uniaxial tension stressstretch behavior when the network chains are assigned identical initial contour length ͑dotted line͒ and when a distribution in initial contour length is considered. The uniform network stressstretch behavior is found to exhibit a similar saw-tooth pattern as the single molecule and membrane behavior. For the distributed network, the stress and stretch at first unfolding are significantly lower and the stress-stretch curve exhibits a smoother character. In equi-biaxial tension ͑Fig. 7͑c͒͒, due to extension in two directions, the chain stretch is c = ͱ ͑2 2 + −4 ͒ / 3, and is larger than the chain stretch in uniaxial tension at any given specimen stretch. Therefore, unfolding occurs at a smaller stretch ratio.
The evolutions in the chain stretch ratio and molecular orientation ͑chain angle͒ during deformation are shown for uniaxial tension ͑Fig. 7͑b͒͒ and equi-biaxial tension ͑Fig. 7͑d͒͒. The model captures the behavior of the chains stretching and rotating towards the macroscopic principal stretch direction͑s͒ forming an oriented molecular network structure with imposed stretch.
Network Pre-tension.
Note that a non-zero initial end-toend distance r 0 provides a pretension in the network. Pretension ͑also referred to as prestress͒ in various cell structural components is thought to play a significant role in the mechanics of the cell ͓13͔. The constitutive model formulation developed here naturally includes pretension. The effect of pretension is modeled by speci- Fig. 6 "a… Uniaxial tensile nominal stress versus stretch behavior of a uniform and distributed network membrane, where the distributed network behavior is also shown at different strain rates; "b… Evolution in chain stretch ratio and chain angle with macroscopic stretch ; "c… Membrane shear stress-tan ␥ behavior; "d… Evolution of chain stretch ratio and chain angles with tan ␥ fying the initial end-to-end distances ͑r 0 ͒ of the chains in the network, where r 0 gives the initial extended ͑tensioned͒ state of each chain. A larger r 0 coincides with larger pretension. Any changes in r 0 also correspond to changes in the initial chain density for a given network and an increase in r 0 necessarily corresponds to a decrease in areal chain density . Figure 8 depicts the model prediction of the effects of pretension on the uniaxial nominal stress-stretch behavior of a three-dimensional network. Pretension is seen to alter the stress-strain behavior in two significant ways. First, pretension acts to increase the initial modulus of the membrane for the realistic range in pretensions examined here. Although pretension acts to reduce the chain areal density which, by itself, would decrease the initial modulus through the modulus proportionality to kT, this reduction is offset by the chain preextension which takes the chains into the high tangent stiffness regime of their force-extension curve and thus provides the predicted overall increase in modulus with increase in pretension. Second, an increase in pretension is found to dramatically decrease the macroscopic stress level and the stretch level required to initiate unfolding and produce the stress plateau region. Furthermore, the stress plateau region becomes smoother with increasing prestress. The effects of pretension on the initial stiffness, the stress and stretch of unfolding, and the plateau will have significant impact on the deformation characteristics during cell functioning, governing the cells ability to deform. In particular, unfolding eliminates the dramatic stiffening behavior and enables Fig. 7 Eight-chain network model results for: "a… uniaxial tension nominal stress versus stretch behavior; "b… evolution in chain stretch ratio and chain angle with macroscopic stretch during uniaxial tension; "c… equibiaxial tension nominal stress versus stretch behavior; "d… evolution in chain stretch ratio and chain angle with macroscopic stretch during equibiaxial tension Fig. 8 Effect of pretension on the uniaxial stress-stretch behavior of a three-dimensional network "at the strain rate of 0.1/ s for the distributed network… the cell to accommodate large deformations under relatively low and controlled stress levels. One example is the plateau behavior providing a plastic hinge-like behavior to the overall cell bending and folding deformations required for the travel of the red blood cell through the circulatory system.
Conclusion
Constitutive models for the force-extension behavior of multimolecule strands of modular macromolecules and the finite deformation multi-axial stress-stretch behavior of membranes and solids containing modular macromolecules have been presented. The constitutive model results for strands of multiple molecules demonstrate that a relatively modest distribution in chain structure smoothes out the saw-tooth character of the single molecule forceextension behavior giving a plateau region in the force-extension curve. The plateau corresponds to simultaneous and competing chain stretching and module unfolding events taking place in the different constituent molecular chains. The membrane formulation is considered a two-dimensional network of modular macromolecules. The model specifically accounts for the single molecule force-extension behavior, the initial end-to-end distance of chain segments ͑the pretension͒, and the cross-link density; these structural features are all directly measurable quantities. Here, a fourchain network representation of a random surface network was presented; more specific network geometries can also be simulated where, for example, Arslan and Boyce ͓36͔ have presented a continuum mechanics constitutive model of triangulated surface networks. The proposed constitutive model was then used to simulate uniaxial and simple shear loading of a representative membrane, demonstrating how single molecule behavior translates into membrane behavior and thus revealing the membrane loading conditions which trigger stretch-induced unfolding. While the model provides the multiaxial stress-stretch behavior of the membrane, it also retains intimate details of the underlying network structure and its evolution with loading including the stretch and force on the constituent molecules, the forces acting on the cross-link sites, the orientation of the molecules and the links within the molecules, as well as the number of folded and unfolded modules along the chain. The same approach was utilized in formally constructing a constitutive model for threedimensional networks, again building from the single molecule force-extension behavior together with network structure and allowing the same level of structural detail and evolution to be captured and monitored. This framework enables parametric study of the influence of microstructural features on the stress-stretch behavior. As an illustration, the effects of pretension on the stressstretch behavior were shown, revealing the strong effects on the initial modulus as well as on the stress and stretch levels required to induce unfolding. The rate effects on the stress-stretch behavior of the networks due to the rate dependence of unfolding are also captured by the model. Additional rate effects such as those due to viscoelastic phenomena arising from intermolecular interactions as well as those due to fluid flow are not included in the model, but can be included following established nonlinear viscoelastic modeling approaches ͑e.g., ͓37-40͔͒. The proposed constitutive models for the membrane and the solid are a starting point for understanding the role of modular protein mechanical behavior in issues of cell mechanics as well as in issues of protein-rich biological materials which may act as load transfer and/or dissipative agents in biological composite structures and fibers.
Appendix A: Worm-Like Chain Equations
The mechanical behavior of biomolecules has also been successfully modeled using the WLC model. The WLC model originates from the Kratky-Porod chain model ͓16,17͔. The WLC model, as approximated by Marko and Siggia ͓18͔, gives the stored energy during axial stretch to be: * I. Inequality ͑C5b͒ shows unfolding a module is a dissipative process; analogous arguments would hold for refolding but are not addressed in this paper. 
